The time until an approaching object passes the observer is referred to as time-to-passage (TTP). Accurate judgment of TTP is critical for visually guided navigation, such as when walking, riding a bicycle, or driving a car. Previous research has shown that observers are able to make TTP judgments in the absence of information about local retinal object expansion. In this paper we combine psychophysics and functional MRI (fMRI) to investigate the neural substrate of TTP processing. In a previous psychophysical study, we demonstrated that when local retinal expansion cues are not available, observers take advantage of multiple sources of information to judge TTP, such as optic flow and object retinal velocities, and integrate these cues through a flexible and economic strategy. To induce strategy changes, we introduced trials with motion but without coherent optic flow (0% coherence of the background), and trials with coherent, but noisy, optic flow (75% coherence of the background). In a functional magnetic resonance imaging (fMRI) study we found that coherent optic flow cues resulted in better behavioral performance as well as higher and broader cortical activations across the visual motion processing pathway. Blood oxygen-level-dependent (BOLD) signal changes showed significant involvement of optic flow processing in the precentral sulcus (PreCS), postcentral sulcus (PostCS) and middle temporal gyrus (MTG) across all conditions. Not only highly activated during motion processing, bilateral hMT areas also showed a complex pattern in TTP judgment processing, which reflected a flexible TTP response strategy.
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retina is available to our visual system, and at any given point in time it can be used to compute the time remaining until we pass an object of interest. This time to passage (TTP), together with cues about motion trajectory, allows us to anticipate and judge oncoming objects regarding their path of movement and to prepare time-critical motor actions. Despite ample research on the topic, it still remains unresolved how TTP is computed and which other optical (such as object velocity and expansion cues) are being exploited when observers are asked to provide judgments regarding the time to passage of an oncoming object. One reason why these cues have been eluding identification may lie in the adaptive nature of the visual system. In a recent psychophysical study, we have shown that the visual system appears to employ an adaptive strategy that changes with the task at hand [1] . We presented a moving cloud of randomly placed dots viewed through a square aperture, consistent with forward observer motion but devoid of local expansion cues. Therefore, the dots remained of constant retinal size throughout the motion display. In each trial, two dots were colored red, and upon occluding the display, observers had to indicate which of the two dots would pass first the observer's eye plane. Combined with two coherence levels (0% and 75%), that is, the proportion of background dots that could not deviate from the motion they should perform when thought of as stationary points in the 3D flow-field approaching the observer. Our results showed that, when no coherent optic flow was available (coherence 0%), observers resorted to the use of a relative velocity strategy and picked the dot with the faster screen velocity.
However, when optic flow was highly coherent (75%), observers used a more complex strategy involving the global flow-field information.
Global tau is a property of coherent optic flow that relies on the systematic change of distances on the retina and between-objects. Global tau makes the assumption that 3D-distances between the objects in the world remain constant thus producing coherent optic flow, and it can be computed from the relative rate of change of the angular displacement of the target from the observer's line of sight [2] . This flow-field analysis is exploiting properties of coherent optic flow which cannot be reduced to, but sometimes are correlated with local expansion cues (expanding retinal object size). For instance, in simulated forward motion through a cloud of fixed spherical objects, the systematic change of retinal distances among these objects specifies the direction of the observer's motion through the cloud, provided that the objects remain static. The angular subtense between the observer's path (track vector) and a given object, or more precisely the relative rate of change of this angular subtense, gives away the object's TTP.
Far-away objects typically produce less centrifugal retinal motion than close-by objects [2] . Interestingly, TTP is specified for expansionless objects as long as they do not coincide with the tracking direction. Thus, the optic flowfield provides TTP information even when it is devoid of local expansion cues [3] [4] .
In naturalistic scenarios, in which the retinal size of the targets does expand, both the local expansion cues (local tau) and the global tau cues can be exploited by the visual system to predict TTP of the target. Studies on the utilization of local tau information report that the neural substrate involved in the extraction of local tau expansion cues is the locus rotundus in pigeons [5] , and more recently fMRI studies in humans point to the superior colliculus, the pulvinar nucleus of the thalamus, and cortical regions associated with motor preparation [6] [7] . fMRI studies of time-to-contact estimation tasks (TTC) have demonstrated significant cortical activation in left inferior parietal regions [8] [9], superior parietal, motor and cortical regions around the central sulcus [10] , the insula, and inferior and middle frontal areas [6] . Bilateral hMT areas play important roles in optic flow processing [2] [11] [12] . All of these regions show more or less specific activation in response to the local retinal expansion of looming objects that move toward the observer. However, the specific neural substrate associated with global tau has not yet been identified.
In the present study we used fMRI to identify such regions in human observers. Given that at the behavioral level, observers differ in the strategies they use between the case of local expansion scenarios and expansionless global optic flow, one would expect some shared but also some specific cortical areas to be involved in TTP judgment. Imagine a cloud of fixed expansionless objects (dots) through which an observer is moving. Two dots are marked red while all the others are white. If these dots are at equal lateral distance on opposite sides of the track vector, then the dot that is sagittally farther away from the observer will project closer to the focus of expansion in the retinal flow pattern. If the observer is asked to judge which of the two marked dots is closer, she/he could base the decision on this fact. In other words, in the case of such symmetrical lateral spacing, observers might use an image-based strategy once they have discerned the track vector from the optic flow. Reducing the coherence of the optic flow makes it harder to determine the track vector, and performance should break down or resort to some other strategy. For instance, subjects may merely base their judgments on how far a target is from the center of the screen. We have previously found that observers employ flexible strategies that can use a combination of global flow analysis and image-based cues [1] . Thus, we created stimuli that provide information about the direction of self-motion (track vector and track velocity) and others that do not. The former provides global information containing a certain amount of noise (75% coherence), the latter preserves the local motion magnitude but removes all global information (0% coherence). Note that local tau information was absent at all times.
We have collected task-based fMRI data while observers were making TTP judgments in the absence of local tau information. By manipulating the initial positions of the target objects relative to the observers' track vector and by changing the coherence of optic flow (75% or 0%), we used a limited number of specific information sources that observers could exploit when making TTP judgments. Based on our previous psychophysical study [1] , we hypothesized that observers use global flow information in the case of 75% coherent flow, but DOI: 10.4236/***.2018.*****resort to guesswork when global flow is incoherent.
Our behavioral results are consistent with previous psychophysics findings: TTP judgments reflected the differential use and integration of multiple sources of information, including global optic flow, object retinal velocities, and other depth cues [13] [14] [15] . In the experiment detailed below, we will focus on and interpret the cortical and subcortical activations in light of the likely response strategies.
Methods

Subjects
Seven subjects (5 females, 2 males, mean age = 24.42 years, SD = 4.82 years) participated in the study. They were graduate students at Boston University, recruited from our pool of subjects. All of them had normal or corrected-to-normal vision. All underwent a psychophysical testing session prior to the scan, to make sure that their performance was at least 70% correct for 0.5 τ ∆ = sec for the symmetric configuration regardless of the initial x-offset and background motion coherence (0% or 75%) [16] . All participants signed an informed consent form before the start of the experimental sessions in accordance with the requirements on research involving human subjects, as approved by the Massachusetts General and Boston University Institutional Research Boards. All subjects fully satisfied the inclusion criteria for participating in MRI/fMRI studies and none of the exclusion criteria were met. They participated previously in other psychophysical and functional imaging tasks conducted by our research team. Those studies had no similarity with the task reported here. All subjects reassured us they could pay attention throughout an experimental task, maintain fixation, and stay still during the imaging experiments.
Apparatus and Data Acquisition
The stimuli were generated on an Intel-based Macintosh laptop and displayed at a resolution of 1024 × 768 pixels and a refresh rate of 75 Hz. Two of the dots, referred to as target dots, were red (51.20 cd/m 2 ) and the rest of them were white (79.55 cd/m 2 ), all displayed against a gray background (10.22 cd/m 2 ). They were back-projected onto a translucent screen (27.3 cm × 36.5 cm) using a LCD projector. Subjects viewed the translucent screen through a mirror mounted on the head coil of a whole-body scanner. The distance between the eyes of the subject and the mirror was approximately 4 cm and the distance between the mirror and the screen was approximately 81 cm, therefore, the total viewing distance was about 85 cm. This setup provided a square viewing aperture subtending 17˚ × 17˚. fMRI data were acquired at Athinoula A. Martinos Center for Biomedical Imaging, Massachusetts General Hospital, using a 3T Siemens whole body scanner and a standard 8-channel head coil. Structural images were obtained as T1 weighted magnetization prepared rapid acquisition gradient echo images (MPRAGE) (128 slices with slice thickness of 1.33 mm, voxel size: 1.00 × 1.00 × 
Stimuli and Experimental Procedure
A field of moving white dots simulated the observer's forward self-motion in 3D
and was presented through a square viewing aperture. The dots remained stationary with respect to one-another in the simulated space. Subjects were asked to indicate which one of two red dots would pass their eye plane first, mimicking they were moving forward through the field. All of the dots subtended 2 pixels × 2 pixels (4 arcmin × 4 arcmin) throughout the simulated approach and were placed such that they maintained a density of 2 dots/deg The target dots were placed at different depths such that the difference between their passage times (tau difference Δtau) was set to be 0.5 sec for all trials.
This value was chosen because it should be just above detection threshold, rendering the task of identifying the leading target meaningful but still allowing for errors. The initial depth of the reference target was 1200 cm. Thus, the possible TTP values from stimulus onset until both targets would have passed the observer, ranged from 7.5 s to 8.5 s. This left ample time for the 2AFC responses, which had to be made before the leading target passed the vertical eye-plane of the observer. Observers were not required to respond as quickly as possible.
The two target dots were placed such that they were always on opposite sides of the track vector. Their lateral distances from the track vector (x-offsets) were either 10 cm or 50 cm in the simulated space. This resulted in four different lateral target offset combinations: Two equidistant symmetric placements (leading target 10 cm to one side-trailing target 10 cm to the other side, or 50 cm -50 cm). In the other two combinations, the targets were placed with asymmetric
x-offsets (10 cm -50 cm, and 50 cm -10 cm). These 4 stimuli were paired with two coherence levels of the background dots. Remember that an entirely incoherent flow-field no longer specifies observer motion. Our previous psychophysical data [1] showed that 50% coherence of the dots begins to provide prominent global flow information relative to the condition of 0% coherence dots. This design led to eight unique stimuli, each of which was repeated 16 times within a run, using a randomized event-related design paradigm.
The visual stimulus was occluded after 3 seconds. The next trial would not be presented until a decision had been made. The timing and order were randomized using optseq2 (http://www.freesurfer.net/optseq/). Inter-stimulus Intervals (ISIs) between trials varied from 1 -7 s. Frames with static dots were presented within the ISIs, serving as a baseline condition. During the whole scanning period, subjects were required to fixate a small central cross (40 × 40 arcmin). Stimuli were presented binocularly in a two-alternative forced choice (2AFC) paradigm without feedback. The subjects' task was to determine which of the two targets would arrive at their eye plane first. Subjects entered their responses by pressing a designated key on a magnet-compatible button box.
A separate block design employing a MT localizer task was performed by all subjects in two runs. The human middle temporal complex (hMT) has been shown to be highly involved in motion processing, including optic flow. Accordingly, area hMT was functionally localized by utilizing moving and static dot patterns [17] , so that we could locate the exact position of hMT for further analysis [18] . Other anatomical regions were defined with normalized functional images, using the Automated Anatomical Labeling (AAL) atlas.
Data Analysis
Imaging data analysis was performed using the Statistical Parametric Mapping With the contrast images of each subject, a group level randomeffect analysis was performed for each condition. The resulting t-value maps were set as uncorrected for multiple comparisons, p < 0.05. Clusters with less than 10 contiguous voxels were excluded.
Based on group-level activation maps in normalized space, we defined several functional regions of interest (ROI) for each single subject. Every functional ROI was defined as a sphere, with its center at the respective local maximum of the activation cluster and with a 5mm radius. Subsequently, we calculated the percent BOLD signal change for each functional ROI using Marsbar [19] .
Bilateral hMT areas were defined using localizer tasks [18] . We set the minimum overlapped proportion on individual activation maps as 0.5, based on the group-constrained subject-specific (GSS) method [20] .
Results
Behavioral Performance
Response accuracy for each condition was first calculated per subject and then averaged across subjects ( Figure 2 ). As expected, subjects could do the task and performed well above chance when the two target dots were symmetric around the track vector of the simulated motion. This was the case for both 0% coherence and 75% coherence conditions. Thus, subjects exploited the simple image-base cue of eccentricity to guide their answer choices. In contrast, when the two target dots were placed asymmetrically, such that the correlation of target eccentricity and proximity to the observer was severely reduced, the response accuracy was around chance level. Thus, the behavioral performance showed that in the absence of local expansion cues, TTP judgments were based on retinal eccentricities. Interestingly, when the flow field contained additional information about the track vector, performance improved. When the target dots were symmetric, subjects performed better under the 75% coherence condition compared to 0% coherence. Thus, global motion information provided by background dots Figure 2 . Behavioral performance accuracy in % as a function of lateral target-offset pairing and coherence of optic flow. Offset pairings indicate the lateral distance of the leading and trailing targets from the track vector. They were always placed on opposite sides. Thus, a pairing of 10 vs 50 signifies that the leading target was placed at a lateral offset of 10 cm in virtual space, whereas the trailing target was offset by 50 cm to the opposite side. Error bars indicate standard derivations.
enhanced subjects' performance only if the targets were spaced symmetrically around the track vector. However, when the target dots were asymmetric, there were no significant differences between 0% coherence and 75% coherence (p > 0.05 in paired t-test). These results replicate previous behavioral results we collected with a similar experimental design [1] .
Functional Imaging
We contrasted activation during the trials against the activation within the static dots presentation (baseline) to obtain significance activation maps. The analysis was performed separately for 0% and 75% coherence levels in the optic flow field Table 1 & Table 2 . The runs with the same coherence value were grouped together and the contrasts were done separately for each experimental condition. across all the subjects. Table 1 and Table 2 show the corresponding coordinates of the local maxima of these clusters, in MNI space.
In general, across all the subjects, the activation areas were distributed along the motion processing pathway [21] . Consistent with previous research [22] Figure 4 shows the BOLD percentsignal changes in these functional ROIs. By and large the BOLD percentsignal changes increased from 0% to 75% coherence levels in bilateral precentral, postcentral, and middle temporal areas, whereas they decreased in superior and middle frontal areas. In the inferior frontal and parietal cortical regions, including intra-parietal sulcus, there was not much difference between the two coherence levels. Specifically, in the left precentralsulcus The percent signal changes suggest that bilateral precentral and postcentral sulci as well as a MTG are highly involved in the processing of global optic flow. The activation in hMT bilaterally suggests that more complicated visual processing is performed when there is more than one cue that subjects might use (e.g. global The activation of IFG and MFG may be underlying the process of decision making for solving the task.
Correlation of Behavioral Responses with BOLD Percent Signal Change
For each condition described above, we also compared the trials in which sub- 
Discussion
In this study, we have used fMRI to record observers' TTP judgments in the absence of local expansion information. During simulated forward motion, the observer had to judge, which of two red dots would pass him/her first. We have Thus, only in the presence of symmetric targets, could above-chance performance be reached with incoherent flow. This did in fact improve performance but failed to approach perfection. Thus, with multiple sources of information, when judging TTP, subjects appear to integrate several cues through an economic strategy that mostly rely on image cues. This strategy becomes clearly noticed when local tau information is missing and the symmetry assumption holds.
The cortical activities during TTP judgments reflect this economic strategy. In general, subjects showed higher and broader activations on trials with 75% coherence than on those with 0% coherence. This suggests that they did processoptic flow information when making TTP judgments, which is consistent with previous studies [3] . When the two targets were located symmetrically around the observer's track vector, the percent-signal changes on bilateral PreCS, PostCS and MTG proved significantly higher when global optic flow was available, as compared to when it was absent. This is where coherent global flow provided a behavioral advantage.
Previous retinotopic mapping and fMRI studies in humans have established a continuum of several motion-selective regions, including cortical areas hMT and superior parietal gyrus [23] [24] . In our study, bilateral hMT cortical regions were activated across all subjects, regardless of their performance on judging TTP.
Significant differences in percent signal change were found bilaterally in hMT when the two targets were asymmetric. Activity during stimuli with 0% coherence was higher than during stimuli with 75% coherence in the 10 vs 50 condition, whereas activity during stimuli with 75% coherence was higher than during stimuli with 0% coherence in the 50 vs 10 condition. This points to lateralized differences that reflect the complex reaction of hMT to changes in global and local information. Remember that only when global cues were unavailable, subjects based their TTP judgments on the velocity discrepancy between the targets Consistent with previous research, we also found activation in bilateral superior colliculus (SC), which is an area involved in motor preparation and attention [6] . The percent signal change was not significantly different in the conditions of 0% coherence and 75% coherence, which is expected as there should not be a difference in motor (response) preparation between different coherence levels.
Conclusion
In summary, in this study we investigated the neural substrate of the mechan- 
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